Additional index words. adventitious bud, in vivo, Lycopersicon esculentum, phenolic compounds, shading, vegetative propagation Abstract. The aim of this study was to establish an alternative method to produce clones of tomato plants by modification of the complete decapitation method, which regenerates multiple shoots from the cut surfaces of the main and lateral stems of plants grown in vivo. Shading the stems of tomato plants drastically increased the number of regenerated shoots from 2.4 in controls with unshaded stems to 36.2 in shaded stems. In shaded stems, the concentrations of chlorophyll and phenolic compounds were stable for 3 weeks after cutting, whereas these amounts increased in unshaded stems. Inhibiting the production of phenolic compounds in the shaded stem tissues was associated with an acceleration of shoot formation in vivo.
Abstract. The aim of this study was to establish an alternative method to produce clones of tomato plants by modification of the complete decapitation method, which regenerates multiple shoots from the cut surfaces of the main and lateral stems of plants grown in vivo. Shading the stems of tomato plants drastically increased the number of regenerated shoots from 2.4 in controls with unshaded stems to 36.2 in shaded stems. In shaded stems, the concentrations of chlorophyll and phenolic compounds were stable for 3 weeks after cutting, whereas these amounts increased in unshaded stems. Inhibiting the production of phenolic compounds in the shaded stem tissues was associated with an acceleration of shoot formation in vivo.
Tomato plants (Lycopersicon esculentum Mill.) are commonly propagated by seed. Recently, however, several tomato cultivars reproduced by vegetative propagation have been released for tomato production. Such cultivars developed through mutagenesis can be rapidly released because they do not require a process of genetic fixation. However, their propagation efficiency is lower than that of seed propagation, and therefore their distribution has been limited. Although in vitro propagation is effective for multiplication of clones, it is expensive and often generates somatic mutations (Padmanabhan et al., 1974) .
The complete decapitation method (CDM), which regenerates multiple shoots from the cut surfaces of the main and lateral stems of plants grown in vivo, was reported as a new vegetative propagation method in tomato plants (Harada et al., 2005) . The authors reported that 79 shoots regenerated from calluses on the stock plant 36 d after decapitation. Propagation efficiency using the CDM was higher than that of lateral shoot propagation but lower than that of seed propagation. Therefore, CDM has potential to be used as a practical method for formation of multiple shoots.
Injury to plants causes oxidative stress, which alters many metabolic processes and reduces growth (Foyer et al., 2002; Prasad et al., 1994) . One of the main defense mechanisms induced under oxidative stress is phenolic metabolism (Bharti and Khurana, 1997) , which is one of the important resistance responses to various types of stress. Wounding of plant tissues increases the activity of phenylalanine ammonia lyase and causes plant cells to biosynthesize phenolic compounds (Saltveit et al., 2005) . These participate in protection against the harmful action of reactive oxygen species (Stratil et al., 2007) .
Phenols are oxidized primarily by polyphenol oxidase (PPO), which catalyzes the oxidation of o-diphenols to o-quinones as well as the hydroxylation of monophenols (Gill et al., 1998) . These enzymatic oxidation reactions cause browning of plant tissue, and this phenomenon often interferes with in vitro cultures (Madhusudhanan and Rahiman, 2000; Tang and Newton, 2004a) . In CDM, browning is frequently observed at cut surfaces of stems in some tomato cultivars that have lower shoot regeneration.
Phenolic compounds are secondary metabolites in plant tissue and their biosynthesis is greatly influenced by light (Crippen and Morrison, 1986) . For instance, field shading of mango decreased the concentration of phenolic compounds in the tissue and promoted morphogenesis in vitro (Sharma and Singh, 2002) . We therefore hypothesized that a decrease in phenolic compounds would improve shoot generation efficiency using CDM. In this study, we examine if shading of stems' cut surfaces promotes the formation of callus, adventitious buds, and shoots in tomato plants grown in vivo.
Materials and Methods
Plant materials. Germinated seeds of tomato plants (L. esculentum cv. Momotaro) were sown in a 72-cell tray (50 mL/cell) filled with a 2:1 (v/v) mixture of peatmoss and vermiculite. The seedlings were grown in a greenhouse with a light transmissivity of 55% and supplied with a nutrient solution containing 4.6 nitrogen, 1.3 phosphorus, 2.2 potassium, 1.1 calcium, 0.4 magnesium, in molÁL -1
. When the sixth true leaf had unfolded, the main stems were cut between the second and third true leaves with a sharp razor blade. Cut surfaces of the stems were covered with or without an aluminum cap immediately after cutting of the stem. After decapitation of the main shoot, all lateral shoots were excised at the base. The aluminum cap remained on the cut surface of the stem until formation of adventitious buds started.
Promotion of shoot regeneration. Tomato seeds were sown on 21 Mar. 2006 and stems were cut on 15 May. Shoots regenerated from callus on the cut surface of stems were harvested when the regenerated shoots were 5 cm long. Each experiment consisted of 12 replicates.
Quantification of chlorophyll. Tomato seedlings were sown on 15 Mar. 2007 and 1 To whom reprint requests should be addressed; e-mail moda@plant.osakafu-u.ac.jp stems were cut on 9 May. Cut surfaces of stems of shaded and nonshaded plants were sampled 2 cm below the top of the cut surface at 3 weeks after cutting (WAC). Chlorophyll was extracted from 0.2 g fresh weight with 4 mL N,N-dimethylformamide at 4°C for 5 d and determined according to Inskeep and Bloom (1985) . Quantification of phenols. Tomato seedlings were sown on 11 Oct. 2006 and stems were cut on 20 Dec. Cut surfaces of stems of shaded and nonshaded plants were sampled 2 cm below the cut surface at 3 WAC. Phenols were extracted with 80% methanol. The concentration of phenols was determined as described by Singleton and Rossi (1965) .
Results
Promotion of shoot regeneration. In unshaded control stems, callus formation began at 3 WAC and reached 100% at 6 WAC ( Fig. 1) . In the shaded plants, callus formation started from 1 WAC and reached 100% at 3 WAC. Adventitious bud formation was observed from 6 WAC and reached only 33% at 7 WAC in control stems. In shaded stems, formation of adventitious buds was observed from 3 WAC and reached 100% at 6 WAC. Therefore, shading the cut surface of stems promoted formation of callus and adventitious buds in tomato plants.
No adventitious buds formed on the cut surface of stems in the unshaded controls ( Fig. 2A) , whereas many adventitious buds formed in the shaded stems at 3 WAC (Fig.  2B) . Subsequently, only a few adventitious buds formed in unshaded control stems (Fig.  2C) , whereas in shaded stems, many shoots attained a length of 5 cm at 6 WAC (Fig. 2D) . Adventitious buds began to form in shaded stems at 3 WAC and in unshaded stems at 6 WAC. The density of adventitious buds in shaded stems was markedly higher than that in nonshaded stems (Fig. 2B-C) .
Shading significantly increased the number of total regenerated shoots per tomato plant (Fig. 3) . The average number of harvested shoots markedly increased from an average of 2.4 per stem in unshaded controls to 36.2 per stem in shaded stems at 10 WAC.
Effects of shading on concentrations of chlorophyll and phenols. The shaded stem was light green, whereas control stems were dark green. The chlorophyll concentration and the ratio of chlorophyll a to b of shaded stems at 3 WAC was not significantly different from that in 0 WAC plants and significantly lower than in 3 WAC control stems (Table 1) .
Shaded stems showed decreased concentrations of phenolic compounds at 3 WAC ( Table 2 ). The concentrations of phenols in shaded stems at 3 WAC were the same as those in 0 WAC plants and were significantly lower than in control stems at 3 WAC.
Discussion
Shoot formation by CDM, which regenerates multiple shoots from the callus formed on the cut surfaces of the main and lateral stems (Harada et al., 2005) , depends on the same principle as shoot formation in in vitro tissue culture. Because this method requires only cutting the main and lateral stems in the field, the CDM is easier and less expensive than in vitro methods. However, the efficiency of propagation in CDM is lower than that in vitro. In our study, shading the cut surfaces of the stems increased the shoot formation using the CDM to 15 times that of unshaded controls. Therefore, shading stems' cut surfaces is advantageous to reproduce vegetative clones using the CDM.
Oxidative stress occurs at the cut surfaces of stems in the CDM. Stress conditions trigger oxidative metabolism in plants, and active oxygen species are highly reactive and damage proteins, chlorophylls, membrane lipids, and nucleic acids (Borochov and Woodson, 1989; Sohal et al., 2002) . To prevent or alleviate this damage, plants have developed various mechanisms based on antioxidants (Hodges et al., 1997; Jahnke et al., 1991) . Polyphenols possess ideal structural chemistry for free radical scavenging activity (Blokhina et al., 2003) . When plants suffer abiotic or biotic damage, the tissue around the wounded site accumulates phenolics (Hudgins and Franceschi, 2004) . In our study, the concentration of phenolic compounds in shaded stems was lower than that in unshaded control stems. We suggest that protecting cut surfaces from the light reduced oxidative stress in the shaded stems.
Tissue browning is associated with the suppression of regeneration in callus culture and frequently occurs in vitro (Pirttila et al., 2004; Sharma and Singh, 2002; Tang and Newton, 2004a) . This phenomenon results from oxidation of precursor phenolic compounds by PPO (Saltveit et al., 2005) . Therefore, interfering with the synthesis or oxidation of phenolic compound precursors plays an important role in shoot regeneration by CDM. The cut surface of the shaded stems had lower concentrations of total phenolic compounds and concomitantly regenerated more and longer (greater than 5 cm) shoots than control stems. Indeed, previous studies also observed that low concentrations of phenolic compounds in plant tissues promoted shoot regeneration in vitro (Marks and Simpson, 1990; Raghuvanshi and Srivastava, 1995; Sharma and Singh, 2002) . We suggest that the increased shoot formation with CDM in shaded stems is the result of lower concentration of phenolic compounds. The concentration of phenolic compounds was lower in the shaded stems than unshaded stems. Phenolic compounds are secondary metabolites and are associated with age. For instance, differentiation generally occurs more readily in juvenile tissue than in mature tissue in vitro (De Donato et al., 1989) , and tissue browning is frequently observed in callus cultures derived from mature explants in some of the higher plant species (Tang et al., 2004b) . The chlorophyll concentration was also lower in shaded stems than unshaded stems. Chlorophyll concentration increases and the ratio of chlorophyll a to b become greater as leaves mature (James et al., 1999) . Shading the cut surface of the stem might retain tissue at the juvenile stage at the cut surface, in which callus formation and adventitious bud formation were accelerated after CDM treatment.
Low concentrations of phenolic compounds in etiolated shoots are often caused by blocking of light (Crippen and Morrison, 1986; Marks and Simpson, 1990; Sharma and Singh, 2002) . Ultraviolet damages living organisms (Landry et al., 1995) , and the exposure to ultraviolet can be a comparatively mild stimulus in the synthesis of phytophenolic compounds (Shetty et al., 2002) . Therefore, blocking ultraviolet light may be one way in which shading the cut stems with foil promotes shoot regeneration after CDM.
In conclusion, shading the cut surface of tomato stems accelerates the formation of callus and adventitious buds and increases the number of shoots regenerated. This may be caused by the low concentration of the phenolic compounds in the shaded tissue. In the future, CDM could be used as a rapid method to produce transgenic plants. Because high efficiency of in vitro regeneration is required for the production of transgenic plants (Tang and Newton, 2003; Zheng et al., 2005) , CDM with shading treatment might be used in the production of transgenic tomato plants. 
